Abstract-The spur-free dynamic range (SFDR) of a novel microwave-photonic link, using a polarization mode-converter electro-optic modulator in a balanced output configuration, is characterized in this work. Common-mode intensity noise and optical-amplifier-induced beat noise are suppressed using a polarization-selective balanced optical receiver. In addition, thirdorder predistortion is used to reduce 2-tone intermodulation distortion by up to 20 dB, further increasing the SFDR. Unlike the conventional approach using a dual-output Mach-Zehnder modulator, the complementary output signals are combined naturally as orthogonal polarizations into one transmission fiber.
INTRODUCTION
PTICAL links for microwave communications, or microwave-photonic links (MWPL) have become an essential component in a variety of applications, including cable television networks, radar systems, and remote antenna systems. Therefore, extensive effort has gone into maximizing link performance [1, 2] . Performance is bounded for weak signals by noise, which determines the minimum detectable signal, and for strong signals by nonlinear distortion, which limits the maximum transmitted signal. The spur-free dynamic range (SFDR) expresses the operating range between these two bounds.
Relative intensity noise (RIN) can be generated by the source laser, beating between the source laser and spontaneous emission generated by an optical amplifier, or multi-path interference from fiber connectors or doubleRayleigh scattering in the fiber. It has been shown [e.g., 2, 3, 4] that common-mode RIN (present at the input to the modulator) can be suppressed in optical links using balanced optical detection and a dual-output Mach-Zehnder (MZ) intensity modulator. By producing the difference between received complementary output signals in a balanced detector, common-mode RIN is cancelled, while the complementary modulated signals add. This has enabled the realization of MWPLs that have reduced RIN, but at the expense of two transmission fibers, a dual-output modulator, a balanced detector, and careful balancing of power levels.
Linearization of modulators is undertaken to mitigate the effects of nonlinear distortion on the SFDR of the link. Three primary types of modulator linearization have been explored over the last two decades -electronic predistortion [5] , electro-optic feed-forward [6] , and optical linearization of the modulator transfer function [7] . Predistortion can be implemented with simple nonlinear circuit elements and is the most widely used linearization technique. Electro-optic feed-forward involves the detection of the difference between the desired and the actual transmitted intensity modulation, followed by the addition of a second optical signal that compensates this difference. While effective, this adds substantial complexity. Optically linearized modulators have been demonstrated successfully, but have yet to find widespread application.
In this paper we quantify the performance of an MWPL that uses a novel polarization-mode converter electrooptic polarization modulator (MCPM) [8] in a balanced configuration with a polarization-selective balanced receiver to cancel common-mode RIN, as first reported in [9] . Also, linearization of the modulator is performed through electronic predistortion to increase the SFDR. We describe the basic operation of the MCPM, link configuration, predistortion circuit, and characterize the performance of the link in terms of SFDR. We conclude that the performance of the MCPMbased link is comparable that of the MZ-based link. However, the MCPM may provide advantages in cost and physical size as it naturally combines the two complementary output signals as orthogonal polarizations in a single fiber. Figure 1 shows the basic MWPL configuration for RIN suppression and electronic predistortion, in both standard MZ and MCPM configurations. A single-waveguide mode-converter MCPM [8] was used to switch light between polarization states that lie on the great circle of the Poincaré sphere that connects the horizontal (H) and vertical (V) linear states and left (L) and right-hand (R) circular polarization states. Using a polarization controller and an input polarizer on the MCPM, linearly-polarized light was launched equally into each of two hybrid eigen-modes of the AlGaAs/GaAs waveguide. These two modes are linearly polarized at approximately 45° to the normal TE-and TM-like orientations. A voltage applied to the velocity-matched electrodes induces equal and opposite phase changes in these hybrid modes, resulting in ultrahigh-speed (40 GHz) polarization modulation with low differential-group delay. A dual output lithium niobate MZ intensity modulator was used for comparison purposes. To suppress RIN, it was necessary to have equal powers in both output polarizations (or output ports of the MZ). To achieve this, and minimize second-order distortion, the modulators were biased at the point of 50% transmission (quadrature). Electronic predistortion was achieved by using a predistorter circuit that generates third-order distortion to a degree dependent on a bias voltage. This device is discussed in detail in Section 3.3.
EXPERIMENT
A tunable laser was used as a laser source, coupled to an erbium-doped fiber amplifier (EDFA) (17 dBm output power), a tunable filter (TF) to eliminate signal-signal beat noise, and a polarization controller (PC). A maximum power of 14 dBm was available at the input to the modulator at a wavelength of 1.55 µm. A single fiber connected the MCPM to a polarizing beam-splitter (PBS). The balanced detector (Discovery Semiconductors, Inc.) consisted of two high-speed InGaAs detectors (18 GHz bandwidth) with the common node matched to 50Ω and a specified common-mode suppression (no modulation) of 30 dB. Noise and third-order 2-tone distortion were measured for a variety of optical received powers and RF drive powers at frequencies near 2.5 GHz. Standard 2-tone tests for linearity were performed using two synthesized RF sweep generators and an RF directional coupler.
RESULTS AND DISCUSSION

Operation of the MCPM-based Link
The MCPM provides an output that is very close to ideal polarization modulation (low residual intensity and phase modulation). Therefore, intensity modulation is generated entirely at the polarization beam splitter (PBS) preceding the detectors. Working in conjunction with the PC and PBS, the MCPM effectively creates a distributed MZ between the two orthogonal polarization modes. A bias point for this distributed MZ is set with the PC. The polarization state emerging from the PC can be adjusted to any point on a great circle that corresponds to equal powers exiting the two ports of the PBS; however, the trajectory traced out by the MCPM must also be oriented with the PC so that it passes through the two linear states of the PBS. Modulation of the MCPM voltage about such a bias point creates complementary intensity modulation in the two output arms of the PBS with maximum modulation depth. This intensity modulation exhibits the same sinusoidal transfer function as a conventional MZ, as is demonstrated in earlier work [9] . 
Suppression of RIN
Considering the system shown in Figure 1 , biased at the quadrature point, the output power of the MZ modulator, or MCPM following the PBS, can be written as:
where v is the modulation voltage normalized to the switching voltage π V , MZi P is the optical power at the input to the modulator, and e L is the excess loss. This results in a detected current in a single detector
where L is the loss between the modulator and detector, o R is the detector responsivity (A/W), and o I is the photocurrent corresponding to 100% transmission of the modulator. 
Noise: Using an optical amplifier prior to the modulator results in signal-spontaneous beat noise that can be described by an additional component to the relative-intensity noise (RIN), described [9] by:
where G is the amplifier power gain, F the noise figure, hf the photon energy, and ai P is the optical power at the input to the amplifier. The rms noise current from RIN* in a single detector, averaged over multiple RF cycles, is 
o S is an amplitude suppression factor that accounts for the common-mode suppression in the absence of modulation.
Common-mode rejection in terns of RF noise power ) ( 2 o S may exceed 30 dB. For increasing modulation, the degree of suppression S becomes limited by the instantaneous difference in power received by the two detectors, as described by the additional terms in Equation (6) Uncorrelated shot noise is generated in each detector such that the total mean-square shot noise power is:
Finally, noise generated by the receiver can be described by an equivalent mean-square receiver noise current. For high received powers, shot noise and RIN typically dominate. Figure 2 illustrates the noise suppression achieved using our balanced MCPM-based link. Nearly identical results are obtained for the MZ using the two output fibers. In order to implement optimal RIN suppression by this method, the phase and optical power in the two arms should be perfectly balanced. In our setup, we were able to balance phase and power corresponding to a suppression factor (S) of 0.1. This corresponds to suppression being limited by the modulation depth of 2.7%, as measured on a sampling oscilloscope, and using Equation (6) . As seen from the graph, RIN is suppressed nearly to the limit imposed by shot noise. For larger modulation indices, we would expect to see less suppression and a departure from purely shot-noise-limited performance.
Third-Order Intermodulation Cancellation
The predistortion linearization technique used in this work is based on creating a distorted signal at the input to the modulator to cancel the modulator nonlinearity. Our predistorter circuit is configured to have equal and opposite nonlinearity to that resulting from the sinusoidal transfer function of the modulator. Figure 3 shows the schematic of the third-order predistortion circuit. The bias voltage applied to the output port of the circuit varies the pre-bias applied equally to the two opposing low-barrier Schottky diodes, controlling the amount of third-order distortion generated. Figure 4 illustrates the response of the predistorter to various RF powers at different bias voltages. For reference, the RF power of the fundamental signals through the predistorter is approximately -25 dBm at an input power of -14 dBm. It can be seen that the predistorter creates substantial third-order distortion, relative to the nonlinearity of the modulators, over a wide range of input RF power, and the magnitude of distortion can be adjusted over tens of dB using the bias voltage. This provides a convenient way to adjust the magnitude of the predistortion signal to cancel the modulator nonlinearity. As shown in the experimental setup in Figure 1 , two RF tones are combined using an in-phase power combiner and a portion of the signal is fed to the predistorter input via a 10 dB power tap. Third-order cancellation is achieved by adjusting the predistorter bias voltage such that the third-order distortion generated electronically by the predistortion circuit is equal but opposite to the third-order distortion generated in the output optical intensity of the modulator in response to the input RF signal. The output of the predistorter is combined with the RF input to the MCPM after undergoing a phase shift of 180 degrees. This is achieved by controlling the phase of the predistorted signal using an RF phase shifter. Maximum cancellation is obtained for perfectly matched amplitudes and phase of the third-order intermodulation products. As can be seen from Figure 5 , third-order cancellation of up to 20 dB can be achieved for lower modulation indices (5%~8%). However, cancellation becomes less pronounced for increased modulation depths, and for input powers greater than 6 dBm, the predistorter becomes ineffective. This dependence on modulation index relates to the requirement that the third-order distortion generated by both the modulator and predistorter remain in close balance over the range of operating power. However, strong third-order distortion occurring at high modulation index also results in compression of the fundamental, and this compression may be slightly different for the two nonlinearities. We could adjust the amplitude of the predistortion signal to cancel the MCPM third-order distortion at any particular high input power, but this cancellation would exist over a narrow range of input power only. At lower modulation index, maximum cancellation results in an increase in the SFDR by 6.67 dB, corresponding to a reduction in third-order distortion of 20 dB.
Using the combination of intensity-noise suppression and third-order predistortion, we are able to achieve a (third-order) SFDR of 104.7 dB/Hz 3 / 2 at a total receiver optical power (for both detectors) of 4.3 dBm. While not remarkable in absolute terms, this is respectable given the total received power. Limitations to the SFDR are receiver noise, optical power, and third-order distortion. Optical power levels are insufficient to generate sufficient shot noise to dominate the noise from our balanced receiver (matched to 50 Ω with a shunt resistance). Transformer-coupling the detectors to the 50 Ω transmission line would help reduce the contribution from receiver noise. Additional optical power would also increase RF signal power. Our balanced detector has a maximum rated detected power of 10 dBm per detector. Therefore, the use of an EDFA with approximately 8 dB higher gain could improve the SFDR by approximately 8 dB. Finally, refinement to the predistorter circuit could in principle reduce the third-order distortion further. However, achieving the exact amplitude and phase balance required to achieve better linearity over a range of frequencies and RF power levels is challenging, and a 3 dB improvement in third-order distortion results in only a 1 dB improvement in SFDR. Hence we would not expect substantial improvements to come from improved predistortion. 
Summary
We have demonstrated an increase in SFDR in a novel balanced microwave-photonic link using a polarization modulator. Both the signal and its complement are transmitted as orthogonal polarizations, then separated and differenced in a balanced detector. Balanced detection by this method offers the advantages of using a device with only one output fiber and one transmission fiber, unlike the standard dual-output Mach Zehnder, while obtaining high levels of common-mode noise suppression. The disadvantage is that a polarization splitter must be used prior to balanced detection. This tradeoff may favor the proposed approach in applications where weight, physical size, or fiber management are constrained. In addition, electronic third-order predistortion is used to increase the SFDR by compensating for the sinusoidal transfer functions of the modulator. We achieve a 20 dB reduction in third-order distortion using a simple and broadband circuit, and the reduction can be achieved without adjustment of predistorter amplitude or phase over a wide range of input RF power. These techniques, as well as increasing the available optical transmit power to the limit tolerated by the photodetectors, can extend the spur-free dynamic range in future microwave photonic links.
